Neurotransmitter release mediated by Ca 2+ -triggered synaptic-vesicle exocytosis is a fundamental process for synaptic transmission. This process is tightly regulated by multiple proteins that form the release machinery. The core machinery includes the neuronal SNAREs syntaxin-1, SNAP-25 and synaptobrevin, as well as the Sec1-Munc18 protein . These proteins are conserved in eukaryotes including yeast and humans, and they have key functions in most types of intracellular membrane fusion. The SNAREs play a central part in membrane fusion by forming tight SNARE complexes through their SNARE motifs, to force the vesicle and plasma membranes into proximity 5-8 . Munc18-1 orchestrates SNARE-complex assembly through its interactions with the SNAREs. For instance, Munc18-1 locks syntaxin-1 in a closed conformation that involves intramolecular binding of syntaxin-1's N-terminal H abc domain and SNARE motif, thus gating entry of syntaxin-1 into the SNARE complex 9-11 . Munc18-1 also interacts with an N-terminal sequence of syntaxin-1 called the N peptide and with the assembled SNARE complex containing an open conformation of syntaxin-1, both of which have been suggested to help to catalyze membrane fusion 12-14 . These multiple interactions, which coordinate syntaxin-1 opening and SNARE-complex assembly, are believed to be spatially and temporally modulated by other key proteins to enable the exquisite regulation of neurotransmitter release.
the release machinery, because release is totally abolished in neurons lacking these proteins, and that UNC-13-Munc13s play a central part in synaptic-vesicle priming [16] [17] [18] [19] . This function relies on an autonomously folded C-terminal region of UNC-13-Munc13s called the MUN domain (Fig. 1) , which is regarded as the minimal module required for the crucial vesicle-priming function of UNC-13-Munc13s (refs. [20] [21] [22] . The finding that syntaxin-1 bearing a so-called 'LE mutation' that facilitates opening of syntaxin-1 partially rescues release in C. elegans deficient in unc-13 suggested that UNC-13-Munc13s are involved in opening syntaxin-1 (ref. 23 ). However, it was unclear whether direct physical interactions between UNC-13-Munc13s and the SNAREs or Munc18-1 underlie this function. For instance, the syntaxin-1 LE mutant also rescued the phenotype observed in the absence of Unc10-RIMs 24 , which are active zone proteins with functions that are coupled to UNC-13-Munc13s 1 . A direct role for the UNC-13-Munc13s in opening syntaxin-1 was strongly supported by recent in vitro studies showing that the Munc13-1 MUN domain accelerates the transition from the Munc18-1-closed syntaxin-1 complex to the SNARE complex 15 and stimulates SNARE-mediated liposome fusion 25 . However, the biological relevance of these findings has not been tested with physiological experiments in vivo.
Sequence analyses have indicated that the UNC-13-Munc13 MUN domain is homologous to subunits from diverse tethering factors involved in traffic at multiple membrane compartments, such as the exocyst, GARP, COG and Dsl1p complexes 26 . This homology and the crystal structures available for some of these tethering factors 27 , a r t i c l e s particularly that of Sec6p 28 , suggested that the UNC-13-Munc13 MUN domain contains four subdomains (termed A-D). Indeed, the crystal structure of the region of the Munc13-1 MUN domain spanning the C and D subdomains (MUN-CD) revealed a striking structural similarity with the tethering factors 29 , thus suggesting that UNC-13-Munc13s might play a part in vesicle tethering through the MUN domain in addition to functioning in synaptic-vesicle priming. However, to our knowledge, no three-dimensional structure of an entire UNC-13-Munc13 MUN domain has been described, and this has hindered studies involving structure-activity relationships to test the biological relevance of the activity of the MUN domain in opening syntaxin-1 in vitro or of its putative function in tethering. Moreover, the structure of the UNC-13-Munc13 MUN domain is the only one lacking for a central component of the neurotransmitterrelease machinery, because structures have been described for other key components such as the three neuronal SNAREs, Sec1-Munc18s, syntaptotagmin-1 and complexins (reviewed in ref. 30 ).
To shed light on the way in which UNC-13-Munc13s regulate syntaxin-1 opening and vesicle priming, we have determined the crystal structure of the Munc13-1 MUN domain at 2.9-Å resolution. Using in vitro fluorescence resonance energy transfer (FRET) and reconstitution experiments, we have identified two highly conserved residues located in the middle of the MUN domain as key sites that mediate opening of syntaxin-1 and SNARE-complex assembly. Furthermore, electrophysiological data recorded at cholinergic neuromuscular junctions (NMJs) of C. elegans confirm that these two residues are important for both spontaneous and evoked neurotransmitter release, thus reflecting a critical role in vesicle priming. These results provide compelling evidence that the activity of the MUN domain in stimulating the transition from the Munc18-1-closed syntaxin-1 complex to the SNARE complex in vitro underlies the crucial function of UNC-13-Munc13s in synaptic-vesicle priming in vivo.
RESULTS

Crystal structure of the Munc13-1 MUN domain
The Munc13-1 MUN domain (residues 859-1531, Fig. 1 ) is regarded as the minimal module required for the activity of Munc13-1 in synapticvesicle priming 20 . As mentioned above, structure-based sequence alignments using the available structures of tethering factors homologous to Munc13-1 (ref. 26) have indicated that the MUN domain contains four subdomains termed A-D and have identified a highly conserved sequence on the C-terminal region of the MUN domain (MUN-CD, residues 1148-1531), thus aiding in the elucidation of the crystal structure of the MUN-CD region 29 . However, the ability of MUN-CD to open syntaxin-1 is strongly impaired, consistently with physiological data showing that a fragment (residues 1045-1531) encompassing the MUN-CD region is unable to rescue neurotransmitter release 20 . These data imply that the N-terminal portion of the MUN domain (called MUN-AB, residues 859-1147) is indispensable for the priming activity of the MUN domain. Thus, we aimed to crystallize the entire MUN domain containing its A-D subdomains.
Previously, by removing a flexible loop (residues 1408-1452), we successfully improved the yield and solubility of the MUN domain 15 (referred to as MUN*, residues 859-1407, EF, 1453-1531 ( Fig. 1) ), but we were still not be able to obtain high-quality crystals of MUN* for structure determination. To solve this problem, we designed a series of truncations of MUN* (data not shown). Among these truncations, a fragment lacking the first 74 residues on the N terminus of MUN* (referred to as MUN 933 , residues 933-1407, EF, 1453-1531, Fig. 1 ) finally crystallized. We determined the MUN 933 structure and refined it to 2.9 Å in resolution (Online Methods, Fig. 2a and Table 1) , and the crystals contained one molecule per asymmetric unit.
The structure of MUN 933 exhibits an elongated shape spanning 150 Å in length. Consecutive helices pack against each other in a mixed antiparallel or parallel manner and stabilize the whole structure by interhelical interactions. MUN 933 is composed of helical-bundle subdomains connected by flexible loops and short turns (Fig. 2a) . Its four subdomains (A-D) are aligned accordingly from the N to C terminus along the MUN 933 structure (Fig. 2a) . Subdomains A-D consist of helices H1 and H2 (A), H3-H6 (B), H7-H11 (C) and H12-H15 (D) (Fig. 2a,b) . H7 forms a long and continuous helix that bends and changes direction gradually, with its N-terminal portion packed against the preceding helix H6. MUN 933 is considerably charged, with positive and negative charges widely distributed throughout the surface ( Supplementary  Fig. 1a ). An exposed hydrophobic patch at the junction of subdomains B and C that involves helices H6, H7 and H8 ( Supplementary  Fig. 1b) is found on the surface of MUN 933 , as discussed below. As expected, MUN 933 has a similar architecture to those of vesicle-tethering factors including Sec6p, Tip20 and Exo70 (refs. 28,31-33) (Fig. 2c) . However, MUN 933 adopts a distinctive arch-shaped architecture that differs from the more straight structure of Exo70 and the sharply hooked shape of Tip20. It is unclear whether the overall arch Figure 1 Domain organization of UNC-13-Munc13s. The diagrams correspond to C. elegans UNC-13L and UNC-13S and to rat Munc13-1 and its fragments, as used in this study. The C 2 A, calmodulin-binding (CaMb), C 1 , C 2 B, MUN and C 2 C domains indicated were previously described 20 . The s69 allele corresponds to a 5-bp deletion in an exon of UNC-13 (exon 21). Residue numbers indicate selected domain and fragment boundaries. The predicted subdomains within the MUN domain are colored in blue, green, yellow and orange and are labeled A-D. A long loop of the MUN domain that spans residues 1408-1452 was deleted and replaced with residues glutamate and phenylalanine (EF), represented by a slash. For the proper folding of the fragments indicated by #, the boundaries of subdomains B and C are extended to residues 1167 and 1407, respectively, rather than ending at residues 1148 and 1314, as defined from the structure. All fragments used are well folded according to analyses by CD spectroscopy (Supplementary Fig. 2a ). npg a r t i c l e s shape of MUN 933 may result from crystal packing, but this feature might be important for the functional specificity of the MUN domain in synaptic-vesicle priming.
A conserved hydrophobic pocket is key for opening syntaxin-1 Previous studies have shown that Munc13-1 MUN* stimulates the transition from the Munc18-1-syntaxin-1 complex to the SNARE complex 15 . We thus performed FRET experiments to investigate the activity of MUN 933 in the stimulation (Fig. 3a-e) . SNARE-assembly reactions initiated with syntaxin-1 alone or the Munc18-1-syntaxin-1 complex illustrate that Munc18-1 strongly inhibits SNARE-complex formation, whereas addition of either MUN* or MUN 933 facilitates SNARE-complex assembly equally (Fig. 3b) . This result confirms that MUN 933 is functional in stimulating SNARE-complex assembly starting from the Munc18-1-syntaxin-1 complex.
To identify the region of MUN 933 responsible for this activity, we used the solved structure of MUN 933 as a guide and designed several fragments that encompass one or more subdomains of MUN 933 , referred to as MUN-ABC, MUN-BCD, MUN-AB, MUN-BC and MUN-CD (Fig. 1) . All these fragments are well folded and show large α-helical content, as judged from their CD spectra ( Supplementary  Fig. 2a ). Among these fragments, MUN-AB and MUN-CD did not stimulate the transition from the Munc18-1-syntaxin-1 complex to the SNARE complex, whereas MUN-ABC, MUN-BCD and MUN-BC exhibited a range of activities in stimulating the transition (Fig. 3c) . These results identify subdomains B and C as the core region for MUN 933 activity. Fragments MUN-ABC and MUN-BCD showed relatively higher activities than MUN-BC, but lower activity than MUN 933 , thus suggesting that subdomains A and D have additional, albeit less critical, roles (compared to those of subdomains B and C) in stimulating Munc18-1-dependent SNARE-complex assembly.
Next, we aimed to identify key residues that mediate the activity of MUN 933 . According to the MUN 933 structure, we designed a series of mutations on the surface of subdomains B and C ( Supplementary  Fig. 3a) . Using a native gel assay that we established (Online Methods and Supplementary Fig. 3b ) and extensive screening, we found that residues Asn1128 and Phe1131 (referred to as NF) are crucial for the activity of MUN 933 in promoting the transition from the Munc18-1-syntaxin-1 complex to the SNARE complex ( Supplementary Fig. 3c ). FRET experiments confirmed this finding by showing that double mutation of NF to alanine (NFAA) totally disrupted the activity of MUN 933 (Fig. 3d,e) . We observed no activity even when the concentration of NFAA was elevated to 100 µM (data not shown), thus showing the critical importance of the NF sequence. Notably, CD Fig. 2b,c) . These results rule out the possibility that loss of activity is caused by protein misfolding.
In the structure of MUN 933 , the NF residues reside next to each other on the surface of helix H6 in subdomain B. H6 packs against helices H7 and H8 in an antiparallel and parallel manner, respectively, with Met1127 on H6, Val1162 and Trp1165 on H7, and Ile1215, Ile1216 and Leu1219 on H8 forming a shallow hydrophobic pocket (Fig. 3f) . Thus, this hydrophobic pocket built by these highly conserved residues is formed by residues from subdomains B and C at the junction between the two domains (Fig. 3f) , results indicating that the loss of function of MUN-AB and MUN-CD arises because the integrity of the hydrophobic pocket is broken. Importantly, sequence alignments showed that the NF residues are highly conserved in UNC-13-Munc13 proteins (Fig. 3g) . Together, these data show that the hydrophobic pocket, especially the conserved NF residues, are central for the activity of the MUN domain in opening syntaxin-1.
The NF sequence is crucial for proteoliposome fusion
The FRET experiments showed the importance of the NF sequence for the ability of the MUN domain to mediate the transition from the Munc18-1-syntaxin-1 complex to the SNARE complex in solution. We next sought to verify the key role of the NF sequence in SNAREmediated membrane fusion.
Our newly established in vitro reconstitution assay 25 has recently reproduced the vital functions of Munc18-1 and Munc13-1 in neurotransmitter release. In this assay, instead of using syntaxin-1-SNAP-25 liposomes, we used liposomes reconstituted with Munc18-1-syntaxin-1 complex to start fusion reactions with synaptobrevin-containing liposomes and monitored lipid mixing and content mixing by fluorescence dequenching methods 25, 34 . For these experiments, we used a Munc13-1 fragment that contains the diacylglycerol-binding C 1 domain, the phosphatidylinositol 4,5 bisphosphate-binding C 2 B domain and the MUN domain (residues 529-1407, EF, 1453-1531; referred to as C 1 -C 2 B-MUN (Fig. 1) ) because this fragment is much more efficient than the isolated MUN domain, owing to the membrane interactions of the C 1 and C 2 B domains 25 . We observed virtually no lipid mixing or content mixing between Munc18-1-syntaxin-1 liposomes and synaptobrevin liposomes when adding SNAP-25 and syntaptotagmin-1 C 2 AB in the presence of Ca 2+ (Fig. 4) . Further addition of 1 µM Munc13-1 C 1 -C 2 B-MUN dramatically facilitated the SNARE-mediated lipid mixing and content mixing (Fig. 4) . However, C 1 -C 2 B-MUN containing the NFAA double mutation completely abolished such activity in stimulating both lipid mixing and content mixing (Fig. 4b,e) . These data demonstrate that the NF sequence is critical for the activity of Munc13-1 in SNARE-mediated membrane fusion. We also note that C 2 AB was critical for content mixing in the experiments with WT C 1 -C 2 B-MUN (Fig. 4e,f) , as described previously 25 . 
npg a r t i c l e s
Previous studies have shown that the syntaxin-1 LE mutation, which helps to open syntaxin-1, partially rescues release in unc-13-null C. elegans and suppresses the block caused by Munc18-1 in SNARE-complex formation, thus suggesting that UNC-13-Munc13s are involved in opening syntaxin-1 (refs. 15,23). In our study, we tested whether the syntaxin-1 LE mutation could rescue membrane fusion in the absence of Munc13-1. Indeed, efficient lipid mixing and content mixing between Munc18-1-syntaxin-1 LE liposomes and synaptobrevin liposomes were still observable in the absence of Munc13-1 and the presence of SNAP-25, C 2 AB and Ca 2+ (Fig. 4b,e) . These data suggest that syntaxin-1 LE mutation reverses the blocking effect caused by Munc18-1 and further support the notion that UNC-13-Munc13s are involved in opening syntaxin-1.
The NF sequence is pivotal for synaptic-vesicle priming
The in vitro experiments above provide strong evidence that the NF sequence of Munc13-1 has a key role in opening syntaxin-1. Sequence alignments showed that the residues NF are highly conserved in UNC-13-Munc13s from different species (Fig. 3g) . To investigate the function of the NF sequence in vivo, we took C. elegans UNC-13 as a model protein and studied its function in synaptic transmission at NMJs. The C. elegans unc-13 gene, which is essential for synapticvesicle exocytosis 35 , encodes long and short isoforms (UNC-13L and UNC-13S). Both of these isoforms share a common region containing the C 1 , C 2 B, MUN and C 2 C domains (Fig. 1) . UNC-13L or Munc13s (e.g., Munc13-1 and Munc13-2) have an additional N-terminal C 2 A domain and a CaM-binding domain that UNC-13S lacks 36 (Fig. 1) . Expression of either UNC-13L or UNC-13S in unc-13-mutant worms rescued locomotion and neurotransmission defects, thus indicating that both isoforms are able to restore synapticvesicle exocytosis 37 . It has also been shown that Munc13 mutants that lack N-terminal C 2 A-and CaM-binding domains can rescue the priming defects of synaptic vesicles in the absence of Munc13s 20, 38 . Hence, to minimize the complexity of our system, we used UNC-13S to assess the role of the NF sequence in synaptic function.
The s69 allele of unc-13 corresponds to a 5-bp deletion in an exon shared by UNC-13S and UNC-13L 39 , which shifts the reading frame, thereby inactivating both isoforms. Consistently with previous findings 37 , expression of UNC-13S in unc-13(s69) rescued the locomotion rate (to 32.25% that of wild-type worms; Supplementary  Fig. 4) . In contrast, when we mutated the NF residues to alanines (hereafter referred to as UNC-13S NFAA), the mutant failed to rescue the locomotion defects ( Supplementary Fig. 4) .
To directly characterize the role of the NF sequence in synaptic transmission, we recorded excitatory postsynaptic currents (EPSCs) at NMJs from adult body-wall muscles (Fig. 5) . We analyzed both endogenous EPSCs, which represent spontaneous fusion of single synaptic vesicles under resting conditions, and evoked EPSCs, which npg a r t i c l e s represent Ca 2+ -triggered exocytosis of hundreds of synaptic vesicles simultaneously. To minimize variation in recording evoked EPSCs, we used the optogenetic method by expressing ChR2 in presynaptic neurons and shining blue light (450-490 nm) on them to induce depolarization. unc-13(s69) worms exhibited neither spontaneous nor evoked EPSCs. Expressing UNC-13S in a unc-13(s69) background rescued the endogenous EPSC rate (to 16.22% that of wild type; Fig. 5a,b) and evoked EPSCs (to 64.73% that of wild type; Fig. 5c,d) , consistently with previous results 37, 40 . In contrast, the UNC-13S NFAA mutant completely failed to rescue both endogenous and Ca 2+ -triggered evoked EPSCs (Fig. 5a-d) , thus confirming the vital function of the NF sequence in synaptic-vesicle exocytosis. The defect in presynaptic release of the UNC-13S NFAA mutant could be due to defective priming of synaptic vesicles or to a defect in the response of synaptic vesicles to Ca 2+ influx. A classic assay to analyze priming involves the application of hypertonic sucrose solution to induce synaptic-vesicle exocytosis in a Ca 2+ -independent manner; this is often used as a measure of the readily releasable pool of vesicles 41 . Here we used a prolonged sucrose-stimulation protocol 41 to release the majority of primed synaptic vesicles at C. elegans NMJs. Under this protocol, the sucrose-induced charge transfer observed in wild-type and unc-13(s69) worms were 21.29 ± 1.57 pC and 4.09 ± 0.82 pC, respectively, during 0-1 s, and 73.99 ± 7.78 pC and 22.31 ± 1.83 pC, respectively, during 0-5 s (Fig. 5e,f) , comparably to previous results 40, 42 . UNC-13S expression in unc-13(s69) worms rescued the sucrose-induced charge transfer to 13.54 ± 2.68 pC (to 63.60% that of wild type, Fig. 5e,f) during 0-1 s and 45.37 ± 5.15 pC during 0-5 s stimulation (to 61.32% that of wild type, Fig. 5e,f) , whereas the UNC-13S NFAA mutant failed to rescue the sucrose-induced charge transfers (3.59 ± 1.03 pC during 0-1 s and 14.58 ± 5.37 pC during 0-5 s; Fig. 5e,f) . These results reveal that the NF sequence is critical for both spontaneous and evoked release, and they indicate a key role for the NF sequence in the priming of synaptic vesicles. DISCUSSION UNC-13-Munc13s perform a crucial function in synaptic-vesicle priming, a step before Ca 2+ -triggered release that is believed to involve opening of syntaxin-1 as well as SNARE-complex assembly 15, 23 . Previous studies have suggested a pathway in which SNARE-complex assembly starts with the Munc18-1-syntaxin-1 complex and depends critically on regulation by the Munc13-1 MUN domain 15, 25 . However, the physiological relevance of this model had been unclear because there was no evidence correlating the priming function of UNC-13-Munc13s in vivo with the activity of the MUN domain in opening syntaxin-1 in vitro. To bridge the gap between the understanding of the functional properties of the MUN domain and of its molecular features, we solved the crystal structure of the Munc13-1 MUN domain and identified key residues responsible for its activity in opening syntaxin-1. Moreover, the physiological data demonstrated the essential role of these residues in synaptic-vesicle priming. These results provide evidence that the critical function of the MUN domain in the transition of the Munc18-1-syntaxin-1 complex to the SNARE complex underlies the central function of UNC-13-Munc13s in synaptic-vesicle priming.
Crystallization of the UNC-13-Munc13 MUN domain has been a long-sought goal because this was the only essential element of the neurotransmitter-release machinery for which a three-dimensional structure had not been determined. The crystal structure of the rat Munc13-1 MUN domain described here reveals an elongated architecture formed by α-helical bundles, as expected from its predicted homology with tethering factors 26 . The structure enabled us to design a series of mutations in conserved surface residues to probe their importance in the ability of the MUN domain to open syntaxin-1. By using an in vitro SNARE complex-assembly assay, we identified a functionally critical, small hydrophobic pocket located at the junction of subdomains B and C. We showed that two highly conserved residues in this hydrophobic pocket, NF, have a key role in mediating npg a r t i c l e s the transition from the Munc18-1-syntaxin-1 complex to the SNARE complex. The NF side chains face the surface of the hydrophobic pocket ( Fig. 3f) , thus providing a plausible binding contact for its potential 'substrate' (for example, syntaxin-1 or other SNAREs).
Mutation of these residues to alanines (NFAA mutation) does not alter the folding of the MUN domain (Supplementary Fig. 2) . Thus, the functional effects of the NFAA mutation must arise from disruption of specific interactions involving these side chains. We characterized these effects at three different levels: (i) SNARE-complex assembly in solution; (ii) SNARE-dependent liposome fusion in a reconstituted proteoliposome system; and (iii) synaptic transmission at NMJs in C. elegans. The drastic effects of the NFAA mutation at these three levels (Figs. 3d, 4 and 5) demonstrate the vital nature of the NF sequence for MUN-domain function and leave little doubt that the impairment caused by this mutation on stimulation of SNARE-complex assembly and proteoliposome fusion underlies the abrogation of synapticvesicle priming caused by the mutation. The observation that subdomains A and/or D enhance the activity of subdomains B and C in the SNARE complex-assembly assay (Fig. 3c,e) suggests that multiple sites of the MUN domain cooperate in catalyzing syntaxin-1 opening. The multiple interactions underlying the activity of the MUN domain probably involve Munc18-1 in addition to syntaxin-1, because the MUN domain accelerates SNARE-complex assembly starting from the Munc18-1-syntaxin-1 complex but not from isolated syntaxin-1 (ref. 15) . Moreover, in cofloatation assays, we observed that the MUN domain binds to liposomes containing reconstituted Munc18-1-syntaxin-1 complex but not to liposomes containing isolated syntaxin-1 or syntaxin-1-SNAP-25 complex, and the MUN NFAA mutation disrupts binding to the Munc18-1-syntaxin-1 liposomes (Supplementary Fig. 5) . These results suggest that interaction between the MUN-domain NF pocket and the Munc18-1-syntaxin-1 complex is key for opening syntaxin-1 and that membrane anchoring enhances the affinity of the MUN domain for the Munc18-1-syntaxin-1 complex. Such enhancement probably arises from weak interactions of basic regions of the MUN domain (Supplementary Fig. 1a) with the phospholipids. These multiple interactions are likely to underlie the finding that the MUN domain catalyzes not only the transition from the Munc18-1-syntaxin-1 complex to the SNARE complex but also the transition from the syntaxin-1-SNAP-25 complex to the Munc18-1-syntaxin-1 complex, as reported in our previous work 25 . These observations lead us to propose a working model of how UNC-13-Munc13s function (Fig. 6) . Briefly, SNARE-complex formation is irreversible once synaptobrevin is available, whereas in the absence of synaptobrevin the equilibrium shifts toward the Munc18-1-syntaxin-1 complex because it is more stable than the syntaxin-1-SNAP-25 complex. The MUN domain lowers the energy barrier of the transitions between these complexes (Fig. 6, intermediate states) .
Growing evidence has suggested that, in addition to mediating the opening of syntaxin-1 and the assembly of the SNARE complex, the UNC-13-Munc13 MUN domain functions in tethering vesicles to presynaptic active zones [43] [44] [45] . This tethering function should be favored by the elongated α-helix-bundle structure of the Munc13-1 MUN domain, which spans more than 150 Å and is similar to those of factors with known roles in tethering, such as Sec6p, Tip20 and Exo70. We suggest that the function of UNC-13-Munc13s in tethering depends on this elongated α-helical-bundle structure and probably on their association with other factors (for example, RIMs) to form a tethering complex 1 . Nevertheless, structure-based sequence alignments showed that key residues responsible for forming the NF pocket of UNC-13-Munc13s are not shared by other tethering proteins (Supplementary Fig. 6 ). Hence, these residues probably endow the UNC-13-Munc13 MUN domain with specificity in synaptic-vesicle priming.
Further research will be required not only to identify the target of the MUN NF pocket but also to elucidate the function and molecular mechanism of the MUN domain in tethering. The structure of the Munc13-1 MUN-domain structure described here provides a framework to design and interpret these studies.
METHODS
Methods and any associated references are available in the online version of the paper. 
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